In the northern Gulf of Alaska, mesoscale, anticyclonic eddies have been implicated as a mechanism of the cross-shelf exchange of iron (Fe)-replete coastal waters with Fe-deplete subarctic Alaskan gyre waters. Based on existing hydrography and macronutrient distributions, a Sitka eddy sampled during August 2007 is divided into a surface eddy core, a shallow subsurface eddy core, and a deeper subsurface eddy core. The distributions of aluminum (Al), manganese (Mn), and Fe in the eddy are examined and compared to distributions at shelf stations similar to where the eddy formed as well as basin stations representative of the Fe-limited subarctic Alaskan gyre. Relative to basin stations, dissolved and particulate Al and dissolved Mn were elevated in eddy core waters. Reactive Fe concentrations within the shallow subsurface eddy core were nearly seven times greater than reactive Fe concentrations at similar densities at the basin stations. This shallow subsurface eddy core is likely mixed into the euphotic zone during storm-induced mixing as well as mixing during isopycnal relaxation as an eddy dies out.
The subarctic north Pacific ocean is one of three highnutrient, lower-than-expected chlorophyll (HNLC) regions of the world ocean where resident phytoplankton are unable to utilize the existing pool of macronutrients due to a lack of iron (Fe; Coale et al. 1996; Boyd et al. 2007 ). The Gulf of Alaska (GoA) is the eastern portion of this Felimited region. The upwelling, Fe-limited central GoA is bounded by the Alaska Current in the northeast and the Alaskan Stream in the northwest (Fig. 1 ). An ecosystemscale Fe enrichment experiment in the central GoA showed significant increases in chlorophyll and diatom biomass within 5 d after Fe addition (Boyd et al. 2004 ). The coastal GoA, however, extending out past the shelf break, is a very productive ecosystem supporting numerous higher trophic level species such as birds, large fish, and marine mammals despite downwelling conditions for most of the year. Accordingly, the U.S. Global Ocean Ecosystem Dynamics program recently designated the coastal GoA as a study site to monitor the effects of climate change on marine ecosystem dynamics and fishery production as the region supports a significant, healthy, sustainable fishery.
Mesoscale eddies are found in every ocean basin and have been shown to have significant effects on primary production. Within the oligotrophic subtropical gyres, mesoscale eddies have been shown to increase rates of primary production, shift phytoplankton community abundance, and supply a significant fraction of the nitrate to the euphotic zone to account for new production estimates (McGillicuddy et al. 1998; Benitez-Nelson et al. 2007; P. Reddy pers. comm.) . Mesoscale eddies have also been suggested to promote primary production in the coastal GoA via the cross-shelf exchange of lower-nutrient, higher-Fe shelf water with the high-nutrient, low-chlorophyll, Fe-limited central GoA basin water (Mackas and Galbraith, 2002; Whitney and Robert 2002; Ladd et al. 2005) . Crawford et al. (2007) showed that from 1998 to 2002 during spring months roughly 80% of the chlorophyll in the GoA was associated with mesoscale eddies, which occupied only 10% of the area of pelagic waters in the region. Ribalet et al. (2010) describe a hotspot of phytoplankton diversity and productivity in the eastern North Pacific in a transition zone between nitrate-rich, Fe-deplete offshore surface waters and nitrate-poor, Fe-rich surface waters. They show that the transition zone phytoplankton community is likely that of an Fe-enriched offshore community, likely a result of mesoscale eddy activity.
In a survey of mesoscale, anticyclonic eddies in the GoA from 1993 to 2006, Henson and Thomas (2008) found that each year, on average, 13 eddies are formed. These eddies have an average lifetime of , 8 months, with certain eddies lasting over 2.5 yr. Four different types of anticyclonic eddies have been characterized and named based on their geographical location of formation: Haida, Sitka, Yakutat, and Kenai eddies (Henson and Thomas 2008; Rovegno et al. 2009 ). Sitka eddies usually form during the winter months along the shelf near Sitka and can propagate westward into the interior or northwestward following the shelf break (Matthews et al. 1992; Crawford et al. 2000) . Ueno et al. (2009) observed that nearly all eddies that form in the eastern GoA, including Haida, Sitka, and Yakutat eddies, propagate westward into the basin and die out. This paper describes hydrographic and nutrient data as well as trace metal distributions (aluminum (Al), Fe, and manganese (Mn)) from a Sitka eddy and surrounding basin waters sampled during August 2007. While Fe distributions in a Haida, Sitka, and Yakutat eddy have been previously presented Ladd et al. 2009) , this study provides a detailed, extensive study of dissolved and particulate Fe within the shallower portion of a Sitka eddy that could be mixed into the euphotic zone enhancing primary production. In addition, this is the first Al or Mn data reported from a mesoscale eddy in the northern GoA. Al, a trace metal in seawater with no known biological requirement, is recognized as an excellent tracer of eolian dust input and terrestrial inputs to surface waters of the world ocean (Measures and Vink 2000; Brown and Bruland 2009; Brown et al. 2010) . Mn is an important micronutrient and has been shown to be a good tracer of coastal inputs and river plume dispersion (Landing and Bruland 1980; Jones and Murray 1985; Aguilar-Islas and Bruland 2006a) .
The objective of this study was to characterize the eddy core waters in terms of trace metal distributions for comparison with the surrounding subarctic gyre HNLC waters, with the relationship between Fe concentrations within the eddy and enhanced biological productivity as a primary focus. With Fe being the limiting nutrient to waters of the central GoA, it is important to understand how eddies can influence biological productivity and thus ecosystem dynamics in HNLC regions. In addition, comparisons of trace metal distributions within eddy core waters with metal distributions found in northern GoA coastal waters from which the eddy formed will add to the existing knowledge of the fate and behavior of Al, Fe, and Mn within an eddy as it ages.
Methods
Hydrographic data and sample collection-Hydrographic (temperature and salinity) data and seawater samples for both nutrient and trace metal analyses were obtained aboard the R/V Thomas G. Thompson in the northern GoA from 15 August 2007 to 20 September 2007. Hydrographic data was collected using a Seabird SBE 911plus CTD calibrated with International Association for the Physical Sciences of the Oceans standard seawater. Treatment of the raw hydrographic data is outlined in Rovegno et al. (2009) . Satellite altimetry data from the Real-Time Altimetry Project at the Colorado Center for Astrodynamics Research (CCAR) was used to estimate the center location of the Sitka eddy, which then guided our choice of sampling locations.
Vertical profile samples for nutrient analyses were collected from 24-liter Niskin bottles mounted on the ship's rosette and filtered through 0.45-mm Whatman (Nuclepore) polypropylene syringe filters. Vertical profile samples for metal analysis were collected using 30-liter, Teflon-coated Go-Flo bottles (General Oceanics) deployed on Kevlar line (Bruland et al. 1979) . Samples for dissolved metal analysis were filtered from the Go-Flo bottles using acid-cleaned Osmonics 0.45-mm capsule filters (Taylor Scientific). These capsule filters have been shown to have an effective pore size similar to 0.2-mm Nuclepore membrane filters (Aguilar-Islas et al. 2007 ). The protocol for acid cleaning of the capsule filters is given in Bruland et al. (2005) .
Samples for particulate metal analysis were collected as outlined in Brown et al. (2010) . The unfiltered water samples were filtered under trace metal clean conditions in a class 100 clean bench using 47-mm, 0.2-mm-pore-size Nuclepore membrane filters using an in-line filtration apparatus as described in Berger et al. (2008) . Nutrient and dissolved metal analysis-Macronutrient (nitrate + nitrite [referred to herein as nitrate]), phosphate, and silicic acid concentrations in filtered vertical profile samples were measured on a Lachat QuikChem 8000 Flow Injection Analysis system using standard colorimetric methods (Parsons et al. 1984) .
Filtered samples for dissolved metal analyses were acidified on-board ship to pH 1.7-1.8 using sub-boiled quartz distilled 6 mol L 21 hydrochloric acid (4 mL 6 mol L 21 HCl per liter of sample, , 0.024 mol L 21 HCl added to the sample). Samples were allowed to sit for at least 1 h prior to analysis. Shipboard determinations of dissolved Al and Fe were made on-board ship under trace metal clean conditions in a class 100 clean space using flow injection methodologies.
Dissolved Fe determinations were made on the acidified samples using the method of Lohan et al. (2006) , which utilizes in-line preconcentration of dissolved Fe onto a commercially available nitrilo-triacetic acid-type resin (Qiagen NTA Superflow) followed by spectrophotometric detection of an Fe-catalyzed colored solution. This method has a detection limit of 0.024 nmol L 21 and a precision of 4.3% for replicate analysis of a , 0.9 nmol L 21 dissolved Fe sample.
Dissolved Al determinations were made using the method of Brown and Bruland (2008) , which utilizes in-line preconcentration of dissolved Al onto a commercially available iminodiacetate chelating resin (Toyopearl AFChelate 650M, Tosoh Bioscience) followed by fluorometric detection of an Al-lumogallion complex. This method has a detection limit of 0.1 nmol L 21 Al when preconcentrating 10 mL of sample and a precision of 2.5% based on replicate analyses of a 5 nmol L 21 Al sample when preconcentrating 2.5 mL of sample.
Dissolved Mn analyses were made on archived samples in a class 100 clean space at the University of California Santa Cruz. These analyses were carried out using the flow injection analysis method of Aguilar-Islas et al. (2006b) , which also utilizes the preconcentration of Mn onto an iminodiacetate resin (Toyopearl AF-Chelate 650M, Tosoh Bioscience) followed by spectrophotometric detection of the Mn-catalyzed oxidation of leuchomalachite green. The method has a detection limit of 0.03 nmol L 21 when preconcentrating 1.6 mL of sample and a precision of 3.2%.
In order to validate the analytical systems for all metals, both SAFe and GEOTRACES reference samples were measured for dissolved Fe, Al, and Mn, and the results agree well with the respective consensus values.
Particulate metal analysis-Procedures for estimating leachable particulate (LP) Al, Fe, and Mn were performed on select 47-mm Nuclepore filters according to an optimal method outlined in Berger et al. (2008) . In short, filters were subjected to a 2-h weak acid leach (25% acetic acid, pH , 2) with a mild reducing agent (0.02 M hydroxylamine hydrochloride) and an initial short heating step (10 min at 90-95uC). LP metals are associated with easily dissolved particulate phases such as calcium and magnesium carbonates or metal-oxyhydroxides on particle surfaces, and this method was designed to include the metals associated with cellular biogenic organic matter.
The refractory particulate (RP) Al, Fe, and Mn are the relatively inert metal fractions that are locked within mineral lattices. In order to estimate RP metals, all leached filters (with the remaining RP metal fraction) were bombdigested in a microwave oven with 3 mL concentrated trace metal grade (TMG) HNO 3 and 1 mL concentrated TMG hydrofluoric acid in PFA Teflon TM bombs with pressure relief valves (Savillex). The resulting solution was evaporated down to dryness on a hotplate. The dry residue was brought up in 8 mL of 1 mol L 21 quartz-distilled HNO 3 containing a gallium and rhodium internal standard solution and heated briefly (, 10 min) on a hot plate before being transferred to an acid-cleaned, 15-mL, lowdensity polyethylene bottle.
The concentrations of LP Al, LP Fe, LP Mn and RP Al, RP Fe, and RP Mn were measured at the University of California Santa Cruz using a Thermo-Electron Element 1 high-resolution inductively coupled plasma mass spectrometer (ICPMS; Hurst and Bruland 2007; Berger et al. 2008) . Total particulate (TP) metal concentrations presented herein are the sum of the LP metal and the RP metal concentrations. Both acetic-acid leachate and bomb-digestion solutions of 1 mol L 21 TMG HNO 3 with the gallium and rhodium internal standard were transferred to acidcleaned 7-mL vials (Fisherbrand high-density polyethylene) and analyzed in medium resolution on the ICPMS. Particulate Al, Fe, and Mn concentrations were calculated based on calibration of instrument response against multielement standards prepared from dilution of concentrated metal stock solutions (SPEX; Fisher Scientific).
Results
Temperature and salinity-The hydrographic, nutrient, and metal data for this Sitka eddy are divided into three subsets: shelf and slope Sta. 2 and 3; eddy core Sta. 6, 7, and 13; and outside eddy Sta. 4 and 14. Figure 2 illustrates the locations of the vertical profile stations relative to the sea surface height anomalies (SSHa) associated with the downwelling eddy. While we group Sta. 4 and 14 together as outside eddy stations, Sta. 14 is the only true basin station representative of central GoA waters devoid of any coastal or eddy influence. Sta. 4 showed central basin water that had been advected by the anticyclonic rotation of the Sitka eddy from the region near Sta. 14, as indicated by the , 210 cm SSHa in Fig. 2 . This central basin water was advected towards Sta. 4, separating the shelf and slope Sta. 2 and 3 from the eddy core Sta. 6, 7, and 13 (Fig. 2) . From this point on, stations will simply be referred to as either shelf and slope stations, eddy core stations, or outside eddy basin stations unless otherwise noted.
The average surface mixed layer depths (defined as the depth where sigma theta, s h , is 0.125 kg m 23 greater than the surface) for the shelf and slope stations, eddy core stations, and outside eddy stations were 8 m, 15 m, and 18 m, respectively. Freeland et al. (1997) showed that winter storms in the subarctic Alaskan gyre can mix the water column down to a depth of 125 m. Suga et al. (2004) reported the depth of the winter mixed layer in the GoA as ranging from 75 to 100 m. The much shallower mixed layer depths observed during August 2007 reflect summer warming of surface waters and seasonal stratification.
With regard to the eddy core stations, we divide the vertical structure of the eddy into three different layers: a surface eddy core, a shallow subsurface eddy core, and a deeper subsurface eddy core. Explanations of the characteristics that delineate these layers from one another and adjacent basin waters are given below. It should be noted that these delineations are for operational purposes only and have limited basis within physical oceanographic literature. Table 1 summarizes the characteristics of the surface eddy core waters, the subsurface eddy core waters, and the deeper subsurface eddy core waters of our Sitka eddy sampled in late August 2007. Please note that all densities given refer to s h . Table 1 . Hydrographic, nutrient, and trace metal data for the three different eddy core water masses from the 2007 Sitka eddy as defined in the text. For the surface core and shallow subsurface core, the concentrations listed for nutrients and metal concentrations are averages over the layer depths. For the deeper subsurface eddy core, the concentrations listed are those found at the temperature maximum associated with the temperature inversion. Potential temperature-salinity (h-S) curves are shown in Fig. 3 to illustrate the differences in the water masses associated with the eddy core waters relative to the basin waters. All hydrographic casts within the Sitka eddy showed warmer, fresher surface waters, a deeper halocline compared to outside eddy waters, and increasingly cool and saline water at depth. The eddy core station surface waters had a temperature (T) and salinity (S) of 14.3uC and 31.8, respectively, while outside eddy station surface waters had T 5 13.8uC and S 5 32.5. The much lower surface salinity at the shelf and slope stations was due to the Alaska Coastal Current, which confines much of the freshwater discharge from the glaciers and rivers of the coastal GoA region along the coast (Stabeno et al. 2004) . As mentioned previously, the average mixed layer depth at the eddy core stations was 15 m. However, the photic zone depth defined as down to the 1% light level from profiles of photosynthetically available radiation (PAR; data not shown) was approximately 40 m at the eddy core stations. We define the surface eddy core waters as the water ranging from the surface (T 5 14.3uC, S 5 31.8) down to depths of 40 m (T 5 7.2uC, S 5 32.1). This corresponds to densities of 23.8-25.0 kg m 23 . For comparison, Lippiatt et al. (2011) define the surface eddy core of a Kenai eddy sampled during this same study as having salinities of 32.2-32.4 and densities of 24.6-25.4 kg m 23 .
We define the shallow subsurface eddy core waters as those waters from the bottom of the photic zone to the depth of deep winter mixing, at depths ranging from , 40 m to 140 m. Salinities over these depths range from 32.1 to 32.6, with densities ranging from 25.0 kg m 23 to 25.8 kg m 23 . Lippiatt et al. (2011) define the subsurface eddy core of a Kenai eddy as those waters with densities ranging from 25.4 to 25.8 kg m 23 and an average depth range of 30-100 m. The delineation of the subsurface eddy core waters associated with our Sitka eddy largely deals with the vertical distribution of macronutrients explained in the following section. Explanation of this subsurface eddy core water will be given in more detail.
For salinities 32.7-33.8, h-S relationships for the eddy core stations (Fig. 3) showed unique characteristics relative to any water sampled at the outside eddy stations. This salinity range (32.7-33.8) corresponds to a depth range of , 140-370 m and a density range of 25.7-26.8 kg m 23 , which we define as the deeper subsurface eddy core. Within the deeper subsurface eddy core, water at a given density is warmer and slightly more saline than water at the same density outside the eddy (Fig. 3) . Lippiatt et al. (2011) define a broader, deeper subsurface core in a Kenai eddy, with a depth range of , 100-500 m and densities of 25.8-27.0 kg m 23 .
A final note is the similarity in the h-S relationships between shelf and slope stations and eddy core stations. While the shelf and slope stations were fresher in the surface mixed layer and slightly more saline at a given temperature at intermediate depths (Fig. 3) , the similarity to the eddy core stations in terms of h-S relationships is remarkable and consistent with formation of the Sitka eddy at the shelf break and subsequent propagation out into the central GoA.
Macronutrients-In the surface mixed layer (, 18 m) at the outside eddy stations, average nitrate concentrations were , 6 mmol L 21 , indicative of the HNLC surface waters of the central GoA (Fig. 4) . In contrast, both eddy core Sta. 6 and 13 and the shelf and slope stations had surface mixed layer nitrate concentrations approaching the detection limit (, 0.01 mmol L 21 ). These low surface water nitrate concentrations in the center of the eddy indicated that a bloom had previously occurred in these surface waters. Associated with these low nitrate eddy core surface waters was a subsurface fluorescence maximum at , 17 m (data not shown). At the eddy core stations this fluorescence maximum was coincident with the top of the nutricline (Fig. 4) , between 12 m (, 0.1 mmol L 21 nitrate) and 20 m (, 6 mmol L 21 nitrate).
Analogous to the h-S curves presented in the previous section (Fig. 3) , nitrate-S curves are shown in Fig. 5 to illustrate the differences in nutrient characteristics between the eddy core waters and the basin waters. At salinities . 32.8, the nitrate-salinity relationship agreed very well between shelf and slope, eddy core, and outside eddy stations. However, a remarkable feature is the wide range of , 20 mmol L 21 nitrate found at salinities of , 32.1-32.6 at the eddy core stations and shelf and slope stations. This salinity range at the eddy core stations corresponded to a depth range of , 40-140 m and densities of 25.0-25.7 kg m 23 . In comparison, at the outside eddy stations the 25.0-25.7 kg m 23 density water is found at a much more narrow depth range of , 30-45 m, with an average nitrate concentration of , 13 mmol L 21 . As mentioned briefly in the previous section, we define this band of high nitrate (, 20 mmol L 21 ) water from , 40-140 m at the eddy core stations as the shallow subsurface eddy core water. This subsurface shallow eddy core water could be brought into the surface mixed layer by storm-induced vertical mixing or as a result of winter cooling, providing a pulse of macronutrients to phytoplankton in surface waters. This water is separate from the deeper subsurface eddy core (, 140-370 m, s h 5 25.7-26.8 kg m 23 ) that is mostly sheltered from the influence of mixing in the surface layer. Aydin et al. (1998) did observe surface layer densities of 26.0-26.2 kg m 23 during winter in the Alaskan gyre, so it is possible that deep winter mixing could bring a portion of the deeper subsurface eddy core into the euphotic zone. The deeper subsurface eddy core water can also get to the surface via mixing along isopycnals at the edge of the eddy or due to a relaxation effect as the eddy ages and dies and the suppressed isopycnals within the eddy shallow (Crawford et al. 2005 ). Figure 5 also shows the nitrate-S characteristics of eddy core surface water and deep subsurface eddy core water from a Sitka eddy described in detail in Ladd et al. (2009) . This data agrees very well with the nitrate-S relationships observed in our surface eddy core waters and deeper subsurface eddy core waters.
Metals-Al: Dissolved Al profiles (Fig. 6A) show distinct differences between shelf and slope, eddy core, and outside eddy stations, particularly between the eddy core stations and outside eddy stations. With the exception of a single dissolved Al concentration of 7 nmol L 21 at 10-m depth at shelf Sta. 2 (this data point has been omitted from Fig. 6A to highlight the differences between eddy core and outside stations), dissolved Al concentrations at all depths at all stations were low, , 3 nmol L 21 . Relative to the dissolved Al surface values at the shelf and slope stations (1.2-7 nmol L 21 ), both the eddy core surface waters and outside eddy surface waters were significantly lower (, 0.5 nmol L 21 ). However, in the depth range of , 50-300 m, including both the shallow subsurface eddy core and deeper subsurface eddy core at the eddy core stations, dissolved Al concentrations at the shelf and slope stations and eddy core stations were significantly greater than the outside eddy stations. For example, over the density range of the shallow subsurface eddy core, 25.0-25.7 kg m 23 , the average dissolved Al concentration was 1.2 nmol L 21 at the eddy core stations, while it was only , 0.1 nmol L 21 over the same density range at the outside eddy stations (30-50-m depth). Over this same density range, average dissolved Al concentration at the shelf and slope stations (, 1.8 nmol L 21 ) was much more similar to that observed within the shallow subsurface eddy core.
While leachable particulate (LP) Al concentrations ( Fig. 6B ) were low at all stations (, 7 nmol L 21 ), LP Al concentrations in the upper 100 m of the water column were generally greater at shelf and slope Sta. 2 and 3 than at either the eddy core stations or the outside eddy stations. At the eddy core stations within the shallow subsurface core, the average LP Al concentration was , 0.7 nmol L 21 and was significantly greater relative to outside eddy Sta. 14 (, 0.1 nmol L 21 ) over the same density range. However, outside eddy Sta. 4 had somewhat similar LP Al concentrations to the eddy core stations, likely due to its proximity to the shelf break. TP Al concentrations ( (Fig. 7B,C) . Both LP Fe and TP Fe were very low at outside eddy Sta. 14. Shown in Fig. 7D is reactive Fe, defined as the sum of the dissolved Fe and LP Fe fractions. Reactive Fe represents an estimate of the potentially bioavailable Fe concentration. While surface reactive Fe at outside eddy Sta. 4 is somewhat high (, 1.2 nmol L 21 ), again likely due to the proximity of Sta. 4 to the continental shelf break, concentrations were quite low in the surface at both the eddy core stations and outside eddy Sta. 14 (, 0.3 nmol L 21 ). However, there was a significant difference in reactive Fe within the shallow subsurface eddy core waters and at similar densities at the outside eddy Sta. 14. Within the shallow subsurface eddy core (40-140-m depth, s h 5 25.0-25.7 kg m 23 ), average reactive Fe concentration was 0.9 nmol L 21 . Over this same density range at outside eddy Sta. 14 (28-42-m depth), the average reactive Fe concentration was only , 0.13 nmol L 21 . Thus, in the shallow subsurface eddy core waters, reactive Fe values are nearly a factor of 7 greater compared to the same densities at outside eddy Sta. 14.
Mn: Dissolved Mn profiles (Fig. 8A ) illustrate a distinct difference between outside eddy stations and both the eddy core stations and shelf and slope stations. Mn profiles at both the eddy core stations and shelf and slope stations show a scavenged type profile for dissolved Mn in the upper 600 m of the water column, with concentrations of , 4 to 6 nmol L 21 in the surface mixed layer decreasing to , 1 nmol L 21 at 300-m depth. The outside eddy stations had surface mixed layer dissolved Mn concentrations that were an order of magnitude lower (, 0.4-0.6 nmol L 21 ) than those observed at the eddy core stations or shelf and slope stations. The dissolved Mn at the outside eddy stations was low in the surface waters and showed little change with depth, as dissolved Mn values at 300 m were only , 0.8 nmol L 21 .
Dissolved Mn concentrations at all stations were greater than the corresponding LP Mn concentrations. Thus, there was more Mn in the dissolved (, 0.45 mm) fraction than there was associated with particles. Relative to the shelf and slope stations, both the eddy core stations and outside eddy stations had significantly less LP Mn in the surface mixed layer than the shelf stations (Fig. 8B) .
At depth at the shelf and slope stations, LP Mn was quite variable, with concentrations ranging from 0.8 to 2.2 nmol L 21 , values greater than the corresponding concentrations at the eddy core stations or outside eddy stations (Fig. 8B) . Within the shallow subsurface eddy core, LP Mn concentrations were significantly greater than concentrations found at similar densities at the outside eddy stations. Over the 25.0-25.7 kg m 23 density range (shallow subsurface eddy core) at the eddy core stations, average LP Mn was , 0.8 nmol L 21 , while it was only 0.04 nmol L 21 at the outside eddy stations over the same density range. TP Mn concentrations (Fig. 8C) at all depths at all stations were very similar to the LP Mn concentrations, with minimal Mn in the RP fraction.
Discussion
Eddy formation and existing hydrography-While the hydrographic properties (Fig. 3) of the Sitka eddy core stations were very similar to the shelf and slope stations, the Sitka eddy discussed herein and sampled near 58uN, 143uW during August 2007 formed farther to the south 7 months prior. Based on analysis of SSHa in the northern GoA, Rovegno et al. (2009) created back trajectories of this Sitka eddy. This eddy first appeared off the shelf break during the week of 10 January 2007 near 57.5uN, 139uW, in the Sitka eddy formation region southeast of the location at which the eddy was sampled during August 2007. This SSHa analysis revealed that the eddy persisted until December 2007, almost a year after formation, at which point the eddy died out near 58uN, 144uW. The details of the eddy formation and propagation are outlined in Rovegno et al. (2009) .
While we do not have any hydrographic, nutrient, or metal data from the Sitka eddy formation region during January 2007 as our cruise took place 7 months later, Rovegno et al. (2009) point out that a substantial degree of alongshore homogeneity of h-S properties exists in this region. We can compare our Sitka eddy to the shelf and slope stations as well as to a Sitka eddy described in Ladd et al. (2009) Table 2 .
The h-S characteristics of the Ladd eddy core surface waters agree extremely well with those of our shelf and slope Sta. 2 and 3 at a depth of , 30 m (Fig. 3) . If a substantial degree of alongshore homogeneity in h-S properties does exist in the region, this agrees well with the first appearance of our Sitka eddy in deep waters just off the continental shelf in the Sitka eddy formation region southeast of where the eddy was sampled. With the mixed layer depth likely reaching much deeper than , 30 m during the winter months (potentially down to . 100 m), it is likely that the original core waters of both our Sitka eddy and the Ladd Sitka eddy at eddy formation were slightly cooler and saltier than the temperature (8.4uC) and salinity (32.03) shown for the Ladd Sitka eddy in May (Fig. 4) , when some warming and freshening would already have occurred. Both Table 2 and Fig. 3 illustrate the extremely good agreement in hydrographic properties of both the surface eddy core waters and the deeper eddy subsurface core waters of our Sitka eddy and the Ladd Sitka eddy.
Al distributions-The distribution of Al in the coastal waters of the northern GoA is described in detail elsewhere (Brown et al. 2010) . Briefly, background dissolved Al and particulate Al concentrations in coastal waters of the Alaska Coastal Current were elevated with increases to , 1250 nmol L 21 dissolved Al and 25,000 nmol L 21 TP Al in low-salinity plumes emanating from glacial-fed riverine discharge. The numerous glaciers and rivers that feed into the northern GoA are a significant source of both dissolved and particulate Al to coastal waters, and it is probable that this high-Al coastal water would be entrained in a Sitka eddy during eddy formation in shelf waters near Sitka.
The maximum dissolved Al concentration observed at each of the eddy core stations was found within the shallow subsurface eddy core (40-140-m depth, s h 5 25.0-25.7 kg m 23 ), yet increases relative to outside eddy stations were observed as deep as 300 m. The source of this elevated dissolved Al within the eddy core was likely the glacial and riverine discharge-influenced coastal water along the shelf. However, the maximum dissolved Al concentration observed within the shallow subsurface eddy core was only 1.5 nmol L 21 . This is a mere fraction of the , 200 nmol L 21 background dissolved Al concentrations found in northern GoA coastal surface waters. This is also much less than the average dissolved Al concentration of , 10 nmol L 21 observed in the upper 100 m at the most coastal shelf station sampled near Yakutat (Brown et al. 2010) . The maximum 1.5 nmol L 21 dissolved Al concentration within the shallow subsurface eddy core does agree very well with the average dissolved Al concentration of , 1.8 nmol L 21 found over a similar density range at the shelf and slope stations. It is likely that the eddy formation waters near Sitka showed similar dissolved Al characteristics to those observed at our shelf and slope Sta. 2 and 3, analogous to their similar temperature and salinity characteristics as shown in Fig. 3 .
Mn distributions-Continental sources of Mn such as rivers, resuspended sediments, and eolian deposition are the major sources of Mn to the world ocean. In low-salinity plumes emanating from the Columbia River estuary nearly 80 km from the river mouth, Aguilar-Islas and Bruland (2006a) observed significant increases in dissolved Mn relative to surrounding California Current surface waters. The photodissolution of Mn-oxide coatings on suspended particulate material surfaces within the Columbia River plume as explained in Chase et al. (2005) was one mechanism that was at least partly responsible for the elevated dissolved Mn in plume waters.
The profiles of dissolved Mn at both the eddy core stations and the shelf and slope stations show a scavenged type profile (Fig. 8A) with the highest values seen in the uppermost sample taken at each station, , 10-m depth. The agreement in dissolved Mn profiles between the eddy core stations and shelf and slope stations in the upper 300 m of the water column is also remarkable. While we know the eddy did not form in the area of the shelf near Yakutat, the eddy source water was likely similar in dissolved Mn distributions as what was observed at our shelf and slope stations.
At the eddy core stations, the depth of the photic zone as mentioned previously was , 40 m. Examination of the Mn depth profiles in Fig. 8A shows that dissolved Mn concentrations were highest in the surface waters and decreased quite rapidly with increasing depth in the upper 50 m of the water column. However, within the shallow subsurface eddy core, there was a distinct increase in LP Mn (Fig. 8B) relative to the outside eddy stations. Sunda and Huntsman (1988) observed a similar surface maximum in dissolved Mn in the Sargasso Sea and a decrease with depth. They also observed low surface water particulate Mn concentrations and an increase at depths of 120-150 m and showed that photoreduction of Mn oxides in the surface waters was the cause of the surface maximum in dissolved Mn. Insoluble Mn (IV), associated with particulate Mn oxides, is the thermodynamically stable form of Mn in oxygenated ocean waters (Sunda et al. 1983 ). The surface maximum in dissolved Mn is likely due to photoreduction of Mn oxides in sunlit surface waters, while an increase in LP Mn is observed in the shallow subsurface core likely due to the absence of photochemical reduction at these depths and formation of Mn oxides. The very low dissolved Mn concentrations observed at the outside eddy Sta. 4 and 14 show that there was likely a lack of exchange of the particle-rich coastal water with waters of the open basin outside of these mesoscale eddies. Atmospheric dust deposition to the region is modeled to be quite low (Mahowald et al. 2005) ; and, without a significant source of Mn coming from the coastal waters, dissolved Mn remains very low (# 1 nmol L 21 ) in the upper 600 m of the water column at outside eddy Sta. 14 ( Fig. 8A) .
Fe distributions and implications on biological productivity-The HNLC nature of the central GoA is well understood (Martin and Fitzwater 1988; Boyd et al. 2004) , with the surface waters being a macronutrient-rich, Fe-deplete system. In contrast, the coastal GoA during the summer is considered an Fe-replete, macronutrient-poor system. In reference to the ACC in the coastal GoA, Wu et al. (2009) described the feature as an Fe reservoir continually recharged with Fe-rich glacial and riverine discharge. However, this discharge is mostly confined along the coast due to the predominantly coastal downwelling winds found in the region. As mentioned previously, Crawford et al. (2007) observed over a 5-yr period that a major portion of the biological productivity in the central GoA was associated with mesoscale, anticyclonic eddies, which have been implicated as a mechanism of cross-shelf exchange of this Fe-rich coastal water. In addition, Peterson et al. (2011) showed that the mixing of water from within a Haida eddy and from outside the eddy stimulated primary production by , 20% and brought about a larger-than-expected increase in large diatom and heterotrophic dinoflagellate plankton communities. The major rationale for our study was to first characterize the dissolved and particulate Fe distributions in the coastal GoA (Lippiatt et al. 2010) where mesoscale, anticyclonic eddies typically form and to subsequently characterize these eddies months after formation and examine the eddyinduced transport of Fe-rich coastal water offshore into the central GoA.
Stemming from this August-September 2007 cruise, Lippiatt et al. (2010) gave a thorough description of the distribution of dissolved and particulate Fe in northern GoA coastal waters. Briefly, dramatic increases in LP Fe were observed in low-salinity plumes along the coast, while dissolved Fe remained relatively constant at a concentration of approximately 2 nmol L 21 . This dissolved Fe concentration is maintained in the region by a similar concentration of organic ligands that is continually titrated with a large excess concentration of LP Fe that serves to ''buffer'' the dissolved Fe concentration at this level. It is well known that in addition to the dissolved Fe fraction, LP Fe can be solubilized and actively taken up by phytoplankton (Rich and Morel 1990; Hurst and Bruland 2007) . The bulk of the reactive Fe in the region is in the LP fraction.
Among the stations sampled in this study, the highest dissolved Fe, LP Fe, and TP Fe concentrations in this study were found at the shelf and slope stations near Yakutat. Average dissolved Fe and LP Fe concentrations at these stations were , 0.7 nmol L 21 and 2 nmol L 21 , respectively. While not shown in this study, Lippiatt et al. (2010) described an inner-shelf station near Yakutat where average water column dissolved Fe and LP Fe concentrations were , 3 nmol L 21 and 60 nmol L 21 , respectively, highlighting a cross-shelf gradient in both dissolved Fe and LP Fe concentrations. Again, we have no data from the actual formation region of this Sitka eddy. However, we suggest that the shelf-break region where this eddy first appeared is similar to our shelf and slope stations in terms of Fe distributions, rich in both dissolved Fe and LP Fe relative to waters of the central GoA.
The most important feature at the eddy core stations in terms of Fe distributions was within the shallow subsurface eddy core waters (40-140 m, s h 5 25.0-25.7 kg m 23 ), where, nearly 7 months after eddy formation, reactive Fe was significantly greater (, 0.9 nmol L 21 ) than at outside eddy Sta. 14 at the same densities (0.13 nmol L 21 ; Fig. 7D ).
Within the surface eddy core waters of the Ladd Sitka eddy, Ladd et al. (2009) We are more interested in the shallow subsurface eddy core's potential Fe supply to Fe-depleted surface waters of the central GoA. The shallow subsurface core of our Sitka eddy contained , 20 mmol L 21 nitrate and significantly elevated reactive Fe concentrations relative to surrounding basin waters. This Fe-and nitrate-rich shallow subsurface core water can be mixed into the euphotic zone by mechanisms discussed previously, resulting in increased Fe availability to phytoplankton.
While Ueno et al. (2009) note that Haida, Sitka, and Yakutat eddies would likely die out before reaching 180uW longitude, both Henson and Thomas (2008) and Rovegno et al. (2009) show that most eddies forming in the eastern GoA die out much farther to the east. In a survey of mesoscale, anticyclonic eddies in the GoA from 1992 to 2006, Henson and Thomas (2008) show that an ''eddy desert'' exists west of 145uW longitude and south of a Yakutat ''eddy corridor'' that closely follows the shelf break. While Yakutat eddies tend to propagate in the far northern GoA along the shelf break, Haida and Sitka eddies propagate westward into the basin and usually die out before reaching 145uW. Therefore, this eddy die-out and associated isopycnal relaxation will lead to pulses of bioavailable Fe along with elevated macronutrients into waters of the euphotic zone of the eastern region of the central GoA. From 1992 , Henson and Thomas (2008 note an average of 13 anticyclonic eddies per year, with an average core diameter of , 100 km and an average lifetime of , 8 months. Using an average reactive Fe concentration of , 1 nmol L 21 in the shallow subsurface eddy core, which we will define as having an average depth of , 100 m (e.g., 40-140 m for our Sitka eddy) and an average eddy core diameter of , 100 km, a reactive Fe inventory of 7.9 3 10 5 moles within the shallow subsurface eddy core can be estimated. This agrees well with the 2.4 3 10 6 moles of reactive Fe estimated by Lippiatt et al. (2011) in the shallow subsurface eddy core of a Kenai eddy. Johnson et al. (2005) estimated 9.9 3 10 6 moles of labile (unfiltered sample acidified to pH 3.2 and analyzed within 1-2 h) Fe in a young Haida eddy, more than an order of magnitude greater than the estimate for reactive Fe in the shallow subsurface core of our Sitka eddy or a Kenai eddy (Lippiatt et al. 2011 ). However, this estimate was calculated integrating concentrations from the surface down to a depth of 400 m, significantly deeper than might be expected for storm-induced mixing or mixing via winter Sources of Fe to the euphotic zone of the Fe-limited subarctic Alaskan gyre can include mesoscale eddies, atmospheric deposition, bottom water transport of Fe-rich water from shallow shelf regions along the coast, and exposed glacial sediments. With an average of 13 anticyclonic eddies each year, we can assume that at least 10 eddies die out each year in the central and northern GoA. This equates to a potential reactive Fe flux of nearly 8 3 10 6 moles yr 21 to the euphotic zone during deep winter mixing, upwelling events, and/or isopycnal relaxation as anticyclonic eddies die out. Table 3 summarizes the estimated Fe fluxes for various sources to surface waters of the northern GoA. This estimate is in agreement with the estimated annual atmospheric flux of 1-10 3 10 6 moles of soluble Fe to surface waters of the entire central and northern GoA (Jickells and Spokes 2001) . It should be noted that the Fe flux via tidally induced Ekman bottom water transport given in Cullen et al. 2009 is for a single shelf area near Queen Charlotte Sound. Taking into account all the broad, shallow continental shelf regions bordering the subarctic Alaskan gyre, this particular source from tidally induced transport is likely very significant to the bioavailable Fe pool within the central GoA. Very recently, Crusius et al. (2011) have estimated a significant amount of soluble Fe (Table 3) emanating from dust associated with exposed glacial sediments at the mouths of several rivers, most notably the Copper River, and being deposited into northern GoA surface waters during November 2006 during a single dust event. Local atmospheric Fe dust, which is transported offshore from the riverbeds of the northern GoA by katabatic winds, is a previously uncharacterized and potentially significant source of bioavailable Fe that should also be considered when modeling Fe delivery to the region, particularly to the eastern GoA.
Due to deep winter mixing, wintertime surface nitrate concentrations (Fig. 9A) are elevated with concentrations greater than 12 mmol L 21 over a broad portion of the central and northern GoA. Light limitation during the winter season inhibits primary production and nutrient drawdown. During the spring, phytoplankton blooms occur where adequate Fe exists, drawing down the nitrate concentrations. A striking feature of the average summer surface nitrate concentrations (Fig. 9B) is the correlation between the mesoscale, anticyclonic eddy tracks from 1992 to 2006 (Rovegno et al. 2009 ), predominantly shown to have originated in the eastern GoA, and the significant drawdown of nitrate in the far northern and eastern GoA. While Fig. 9B does illustrate a large pool of . 8 mmol L 21 nitrate surface water centered near 51uN, 155uW, indicative of the HNLC, Fe-depleted surface waters commonly associated with the subarctic Alaska gyre, Fig. 9B suggests that the eddies originating in the eastern GoA (Haida, Sitka, and Yakutat eddies) and travelling northwest along the shelf break with the Alaska Current or westward into the Alaska gyre stimulate biological production and nitrate drawdown in the region. This mesoscale eddy-enhanced biological production in the eastern GoA shifts the core of the HNLC surface water in the region farther west to the western GoA, as seen in Fig. 9B . The location of the eddy desert explained by Henson and Thomas (2008) agrees well with the location of the large pool of . 8 mmol L 21 nitrate surface water west of 145uW longitude.
Based on the observation of a winter diatom bloom at Ocean Station PAPA (OSP), located at 50uN, 145uW (Fig. 9) within the Fe-limited subarctic Alaskan gyre, Lam et al. (2006) used a coarse ocean general circulation model to examine the potential transport of northeast Pacific continental margin Fe to OSP. Their model suggested that at OSP the dominant mode of Fe input was horizontal advection from the Alaskan continental shelf; while at stations much farther to the east closer to the coast, horizontal eddy mixing became the more dominant Fe input mechanism. Figure 9 supports these model findings, illustrating that while mesoscale eddy mixing might be the dominant path for continental shelf-derived Fe to reach the eastern edge of the HNLC basin, very few eddies will reach OSP in the central Alaskan gyre.
Using an Fe : C uptake ratio of 10 mmol : mol (an estimate for phytoplankton in the GoA; Bruland et al. 2001) , the nitrate drawdown of 12-14 mmol L 21 observed in the eastern GoA between winter and summer ( Fig. 9 ) requires 0.8-0.9 nmol L 21 bioavailable Fe. This could be supplied by the , 1 nmol L 21 of reactive Fe observed in the shallow subsurface core of anticyclonic, mesoscale eddies forming in the eastern GoA, which is likely mixed into the euphotic zone via the mechanisms mentioned previously. This Fe provided by mesoscale eddies in the eastern GoA, in combination with Fe deposited into surface waters from local (Crusius et al. 2011 ) and remote dust sources as well as bottom water transport from broad shelf regions (Cullen et al. 2009) , is enough for the phytoplankton in the eastern GoA to utilize all available nitrate during summer months. Without these extra external sources of reactive Fe, the low concentrations of reactive Fe in the subsurface waters like those of the outside eddy basin station would result in the eastern GoA likely being an Fe-limited HNLC regime.
It is clear that the Fe-rich shallow subsurface core water associated with mesoscale, anticyclonic eddies in the GoA is a significant source of reactive Fe to surface waters and supports biological productivity within the central GoA. Winter cooling of the surface waters and mixing to depths deeper than 100 m would deliver the Fe-and nitrate-rich shallow subsurface core waters to the euphotic zone of the eddy. Therefore, the eddies would be ''primed'' with bioavailable Fe and macronutrients to allow higher productivity and phytoplankton biomass to occur in the subsequent spring and summer months.
While we know from SSHa back trajectories that this eddy formed to the southeast of our shelf stations, the agreement in T-S properties between our eddy core stations and our shelf and slope stations near Yakutat is excellent. The source region for the eddy core waters found southeast of our shelf stations likely had very similar hydrography to that observed at our shelf stations. In addition, there was remarkable agreement between our 2007 Sitka eddy and the 2005 Ladd Sitka eddy summarized in Ladd et al. (2009) in terms of hydrography and macronutrients for both the surface eddy core waters and the deeper subsurface core waters. The Al and Mn distributions at eddy core stations showed significant differences relative to outside eddy stations. While the concentrations are still very low, Al distributions at the eddy core stations show increases in dissolved Al and LP Al in shallow subsurface eddy core waters. Mn distributions at the eddy core stations show a maximum in dissolved Mn in surface eddy core waters likely due to photochemical reduction of coastal-derived suspended particulate Mn in the surface waters, along with increases in LP Mn in shallow subsurface eddy core waters. Both the Al and Mn distributions reflect the entrainment of coastal water into the eddy core with scavenging, particle settling, and photochemistry influencing the distribution of dissolved and particulate species. Similar to previous studies, our Sitka eddy showed increases in reactive Fe in deeper subsurface eddy core waters relative to basin stations.
We define a new eddy core water mass, the shallow subsurface eddy core water, that is rich in nitrate (, 20 mmol L 21 ) and reactive Fe (, 0.9 nmol L 21 ), which could be mixed into the euphotic zone through storm events, deep winter mixing, vertical mixing along isopycnals at the edge of eddies, and isopycnal relaxation upon termination of the eddy. It appears that mesoscale eddy-enhanced biological production via the delivery of reactive Fe in the eastern GoA shifts the core of the central GoA HNLC surface water in the region farther west. The understanding of the fate and transport of bio-limiting species within GoA eddies is crucial, as these eddies have such a primary role in regulating biological productivity within the GoA.
